Measurements of the total ion emission from a pair of colliding laser-produced aluminium plasmas were obtained with the aid of a Faraday cup detector. The energy profile width at half height of the kinetic energy distribution for ions emitted normal to the target was found to be 30% narrower for colliding plasmas compared to a single plasma. Similar to ion emission from single plumes, the mean ion kinetic energy is observed to increase with the energy of the incident laser pulse. However, the width of the ion energy distribution increases at a significantly slower rate than in the single plume case.
Ion Emission in Collisions between

INTRODUCTION
A laser-produced plasmas (LPP) is formed when the output pulse from a high power laser is focussed onto a dense target at an irradiance typically in excess of 1 GW.cm -2 . LPP have been the focus of strong fundamental research interest since their discovery in the 1960's [1] and have spawned a wide range of applications including laser induced breakdown spectroscopy, LIBS [2] , pulsed laser deposition (PLD) [3] , tabletop sources of short wavelength light [4] , ion sources [5] , high harmonic generation [6] and laboratory simulations of astrophysical plasmas [7] .
When two plasmas collide, under appropriate conditions, as outlined by Rambo et al. [8] , a layer of stagnated plasma is formed at the collision front. Outside these conditions the colliding plasmas undergo interpenetration where the plasmas pass through each other without stagnating. Rambo et al.
introduced the so called "collisionality parameter," ζ, to determine whether stagnation or interpenetration will dominate in colliding plasmas. The collisionality parameter is given by
where L is the typical plasma dimension (i.e. the separation between the two colliding plasmas) and λ ii is the ion-ion mean free path given by [9] where m i is the ion mass, ν 12 is the relative collision velocity, e is the charge of the electron, Z is the average ionization state of the plasma, n i is the average plasma ion density, and ln Λ 12 is the so-called Coulomb logarithm [10] for collisions between the individual plasma plumes.
Colliding laser-produced plasmas were first investigated, to our knowledge, in the mid 1970s [11] .
Significant work was carried out subsequently on high-energy colliding plasmas with laser intensities
~10
14 W cm -2 [12] , especially, but not exclusively on, indirect drive fusion [13] . In indirect fusion devices a hollow hohlraum hosts multiple colliding plasmas as X-ray sources which are used to drive fusion in a fuel cell located at the centre of the hohlraum [14] . Colliding plasmas have also shown much potential as laboratory scale models of astronomical interactions where, for example, Gregory et al. [15] and Smith et al. [16] have shown how they can be used as a scaled model of astrophysical colliding shocks. At lower laser intensities, in the range of interest here, colliding plasmas show real promise for applications in thin film deposition. For example, recently droplet free films were successfully fabricated using colliding laser produced plasmas [17] .
To date we have reported a number of time resolved spectroscopic and imaging studies on the evolution of low energy laser produced colliding plasmas [18] [19] [20] [21] . In this paper we change our focus to the ion emission from the colliding plasma system. In particular we extract the angularly resolved ion energy distributions. In fact a lot of work has been carried out using ions from laser produced plasmas for ion bunch injection into accelerators for medical, industrial and research and development purposes [22] [23] .
Areas such as ion implantation [24] and surface etching [22] have benefited significantly from the development of the laser ion source. Other potential applications of laser ion sources are varied and growing with significant effort being invested in areas such as cancer therapy [25] . Hence, the results reported here may be of interest to several apposite groups.
EXPERIMENT
The experimental scheme is illustrated in figure 1 showing how laterally colliding plasmas were used to generate the ions. A Nd:YAG laser beam of wavelength 1064 nm and a whole beam energy of 600 mJ, with a pulse width of 6 ns (full width at half max (FWHM)), was split into two equal parts and focused to two spots (i.e. 300 mJ at each focal point) separated by a distance of 1.3 mm on an aluminum slab target. The spotsize at each focus was ~100 µm yielding an irradiance of 3 × 10 11 W cm -2 and we refer to the pair of plasmas so formed as "seed plasmas". A Faraday cup, which could be rotated about the target normal in the horizontal plane (as illustrated in figure 1 ) with an accuracy of ±1°, was placed so that it directly faced the target at a distance of 10 cm from the target. The entrance aperture was a 2 mm circular hole and a bias voltage of -30 V was applied to the cup to collect the ions. The signals were collected across a 50 Ω resistor coupled to a digital oscilloscope operated in single shot mode. All experiments were performed at a base pressure of 1 × 10 -5 mbar. The target was mounted on an in-vacuum high precision xz motorized stage and was moved to reveal a fresh surface after each laser pulse.
RESULTS AND DISCUSSION
Ion emission was measured in both single and colliding plasma experiments. To generate the single laser plasma plumes, we simply blocked one of the split laser beams before it reached the target. In the case of colliding plasmas, a stagnation layer results from a rapid accumulation of seed plasma material at the collision front between the two plumes [19] . As shown in figure 2 (main), the TOF profile observed for the colliding plasmas was found to be noticeably narrower than that obtained from either of the individual seed plasmas which have almost identical profiles. In figure 2 (insert) the TOF scale is converted to kinetic energy and it reveals a redistribution of the translational energy of the ions emitted in the colliding plasma case into a narrower profile compared to the individual single seed plumes.
The low energy tail present in the kinetic energy distribution for the single plasma case is significantly attenuated in the colliding plasma case, resulting in a narrower and more symmetric distribution.
Typically, the ions emitted from a single laser produced plasma, possess an asymmetric distribution [26] .
The distribution for the seed plasmas here ranges from ~0.1 to 3 keV with a width (at 50% of the profile height) of 2.6 keV while exhibiting an asymmetric profile. On the other hand, the ions from the colliding plasmas exhibit a width (at 50% of the profile height) of 1.8 keV (30% narrower than a seed plume) with a quite symmetric distribution. We can also see from figure 2 that the (instantaneous) peak current from the colliding plasma is enhanced approximately three fold compared to that of a single plasma or by ~50% compared to the numerical sum of the left and right seed plumes. total laser energies in the range 100 -600 mJ. A departure from linearity is observed in the case of the colliding plasma system compared to the single seed plumes. It is evident from figures 2 and 3 that the ion emission, normal to the target, from the colliding plasmas is clearly not a simple numerical sum of those from the seed plumes. Although the full explanation for our observations will require detailed modeling we suggest a couple of processes which will need to be taken into account. In the early stages of stagnation layer formation (first few tens of nanoseconds) we know that electron stagnation occurs [19] and so the prompt highly charged ions from the seed plumes are likely to experience a local accelerative force. Hence we would expect to see an increase in the number of ions at higher kinetic energies close to the peak or cut-off energy. However, as time progresses, ion stagnation is established, and the stagnation layer can build up a net positive sheath which can result in Coulomb blocking of the slow ions from each seed plasma. Additionally, as time proceeds, slow ions can be lost in collisions with the stagnation layer.
We suggest that all of these processes (and perhaps others) can act in consort to reduce the low energy ion flux. energy distribution is observed only in the direction normal to the target and the angle-resolved integrated flux can be fitted by a cos n function [27] similar to the single plasma plume case [28] . It is also evident from figure 4 that the ion signal, in the colliding plasma case, splits into two distinct peaks, labeled P1 and P2, when the Faraday cup is moved to angles between 5° and 30° either side of the target normal. The first peak, P1, is due to ions emerging from a seed plasma plume and arriving at the detector which appear to be largely unaffected by the presence of the stagnation layer. This is clear from figure 4 (inset) where it can be seen that the first peak, P1, of the colliding plasma signal matches extremely well with the ion TOF signal from the left seed plasma plume only. The amplitude and kinetic energy of P2 decrease rapidly as the detector is rotated away from the target normal. Beyond ± 20° P2 is severely diminished and has disappeared completely for angles greater than ± 30° where the traces are indistinguishable from the single plasma plume case. Therefore, we conclude that P2 is due predominantly to ion emission sensitive to presence of the stagnation layer which, as can be readily observed in figure 4 , is highly directional. This observation stands in stark contrast to emission from single plasma plumes where ions are emitted over a wide range of angles. in the case of a single plasma, we observe that both the peak position and the PWHH of the ion energy distribution increase linearly with E L for these plasma regimes. 
CONCLUSIONS
In conclusion, we have measured the angularly resolved ion emission from a laser produced colliding plasma system. The ions emitted from the stagnation layer, formed in the vicinity of the collision front between two colliding plasmas, were found to possess a narrower and more symmetric kinetic energy distribution than for the single laser plasma case. Both the peak energy and profile width could be adjusted by varying the incident laser energy. The linear dependence of the peak position, and the square root dependence of the profile width, implies a sharper distribution with increasing laser energy. In the future we will extend these studies to include charged resolved measurements, with a compact retarding field analyser currently under development at our laboratory.
